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Abstract 
Water vapour corrosion resistance of five rare earth monosilicates Y2SiO5, Gd2SiO5, Er2SiO5, 
Yb2SiO5, and Lu2SiO5 was investigated during testing at 1350 ˚C for up to 166 h in static air 
with 90% water vapour. Four of the RE-silicates showed little weight gain (0.859 mg cm
-2
) 
after 166 h of exposure. Prior to testing the microstrucre consists of equiaxed grains of 4- 7 ± 
0.4 µm. XRD analysis showed that after 50 h exposure to water vapour corrosion Y, Er, Yb 
and Lu-silicates had both mono and disilicates present on their surfaces as a result of the 
reaction between monosilicate and water vapour to form disilicate, while Gd-silicate has 
converted completely to G4.67Si3O13 making it less stable for environmental barrier coatings 
application. The microstructures of corroded Y, Er, Yb and Lu-silicates contain ridges and 
cracks, while that of Gd-silicate contains rounded grains suggesting melting along with 
striped contract grains. 
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1. Introduction 
Silicon carbide fibre-reinforced ceramic matrix composites (CMCs) possess high temperature 
strength, toughness and creep resistance [1, 2] making them suitable for aerospace and energy 
gas turbine applications. Substituting the currently used Ni-based superalloys used in 
aerospace by CMCs could result in a significant reduction of engine fuel consumption and 
emission of harmful combustion products [2, 3]. A major drawback of SiC/SiC composites is 
formation of volatile silicon hydroxide on them in high temperature combustion 
environments leading to rapid recession [4]. Thus an environmental barrier coating (EBC) is 
needed to prevent volatilization of silicon hydroxide [5] with the most promising candidates 
being rare-earth silicates due to their exceptional high temperature durability, chemical 
compatibility with Si-based ceramics and water vapour corrosion resistance [6-9].   
Eaton and Linsey. [10, 11] were some of the first to investigate the water vapour corrosion of 
yttrium silicate at 1200 °C in 90%H2O-10%O2, where no weight gain was observed after 500 
h. However, Lee et al. [7] observed a weight gain of ~3-6x10
-3
 mg/cm
2
h in samples 
containing Y2SiO5, Y2Si2O7 and Y2O3  exposed at 1500 °C to 50%H2O-50%O2 for 100 h. Liu 
et al. [12] studied the water vapour corrosion resistance at 1400 °C for to 50%H2O-50%O2 
400 h of bulk yttrium-silicate specimen containing Y2SiO5 and Y2Si2O7 phases. They 
suggested that yttrium monosilicate reacted during water vapour corrosion with oxygen to 
form disilicate according to Eq. (1). 
2Y2SiO5(s) + 2SiC(s) + 3O2(g) → 2Y2Si2O7(s) + 2CO(g)   (1) 
Similar observations were made by Ueno et al. [13] on Lu2Si2O7 bulk samples tested at 1500 
˚C for 100 h. They suggested that the decomposition of Lu2Si2O7 to Lu2SiO5 was an early 
stage of the recession mechanism. Subsequently, the Lu2SiO5 reacted with water to form 
Lu2Si2O7 as follows: 
Lu2SiO5 (s) + H2O (g) → Lu2Si2O7 (s) + Lu2O3 *nH2O (l)   (2) 
The volume reduction associated with decomposition of Lu2Si2O7 was stated as the reason for 
the observed cracks and the porous structure. Ueno et al. [14] also observed the water vapour 
corrosion resistance for a bulk Lu2Si2O7/mullite eutectic with no grain boundary phase tested 
at 1300 °C for 100 h under 30 wt.% H2O-70 wt.% O2. Decomposition of Lu2Si2O7 to Lu2SiO5 
occurred only near surfaces according to the following:  
Lu2Si2O7 (s) + 2H2O (g) → Lu2SiO5 (s) + Si(OH)4 (g)   (3)  
In a further study, Ueno et al. [8] observed that the corrosion rate of Yb2Si2O7 is higher than 
that of Lu2Si2O7 where silica grain boundary glass was removed after water vapour corrosion 
at 1500 ˚C for 50 h in 30 wt.% H2O-70 wt.% O2 . It was suggested, that the silica glass rich 
melted areas were caused by a decrease of melting temperature of its boundary with 
increasing H2O content [15] by arising from water vapour attack. Liquid SiO2 was believed to 
form according to Eq. (2), in agreement with Maier et al. [16].  
SiO2 (boundary) + nH2O (g) → SiO2*nH2O (l)   (4) 
 
Ueno et al. [17] observed that between 1300-1500 °C after 500 h in 30 wt.% H2O-70 wt.% 
O2, Yb2Si2O7 decomposed to Yb2SiO5 according to Eq. (3). This reaction occurred within 
Yb2Si2O7 grains after 500h from 1300-1400 °C. At 1400 °C Yb2Si2O7 samples formed a 
porous structure which was suggested to be due to the decomposition of Yb2Si2O7 and the 
recession caused by water vapour of grain boundary glassy phase. Moreover, cracks occurred 
in samples corroded after 500 h at 1400 °C believed due to tensile stresses induced by the 
decomposition of Yb2Si2O7 
Yb2Si2O7(s) + 2H2O(g) → Yb2SiO5(s) + Si(OH)4(g)   (5)  
After 500 h at 1500 °C in 30 wt.% H2O-70 wt.% O2 porous structures were no longer present 
possibly due to the domination of the reaction according to Eq. (4) in which hydroxide 
formed. 
Yb2SiO5(s) + 2H2O(g) → Yb2Si2O7(s) + Yb(OH)3(g)  (6) 
Lee et al. [7] investigated the weight change of Yb2SiO5 with Yb2Si2 O7 and Yb2O3 at 
1500 °C exposed to 50%H2O-50%O2 for 100 h and no significant weight gain was detected. 
Maier et al. [16] studied the water vapour corrosion behavior of samples containing both 
Yb2Si2O7 and Yb2SiO5 tested at 1500 °C for 310 h under water vapour of 30%H2O-70%O2. 
The corroded samples were covered with rare earth aluminum garnet Yb2Al5O12 and showed 
grain boundary attack of Yb2Si2O7 as observed in lutetium disilicate [16]. Furthermore, 
monosilicate formed with increasing exposure time.  
There is a contradiction in the literature regarding the water vapour behaviour of Er-silicates. 
Ueno et al. [14] investigated bulk samples containing Er2Si2O7 and Er2SiO5 under 
30 wt.%H2O-70 wt.%O2 water vapour at 1500 °C for 100 h. Samples were observed to have 
completely melted after the corrosion test. On the other hand, Lee et al. [7] did not observe 
significant weight gain on samples containing Er2Si2O7, Er2SiO5, and Er2O3 after 100 h at 
1500 °C under 50 wt.%H2O-50 wt.%O2 water vapour.  
This paper investigates and compares water vapour corrosion of five monosilicates of Y, Gd, 
Er, Yb and Lu. Their microstructures and phase constitution before and after corrosion were 
characterised to investigate corrosion mechanism and determine the most likely for use as 
EBCs. 
2. Experimental methods 
RE-monosilicates were produced using 1:1 mol ratio of either Y2O3 (Abcr, Germany, 3 ± 
0.1 µm particle size), Gd2O3 (Abcr, Germany, 3 ± 0.2 µm particle size), Er2O3 (Alfa Aesar, 
UK, 6 ± 0.2 µm particle size), Yb2O3 (Abcr, Germany, 4 ± 0.1 µm particle size) or Lu2O3 
(Abcr, Germany, 4 ± 0.2 µm particle size) and SiO2 (Abcr, Germany, 4 ± 0.1 µm particle 
size). All RE- oxides powders were 99.9% pure, while the SiO2 powder was 99.0% pure. 
Particle size measurements were conducted using Malvern hydro equipment (2000SM, UK) 
and the average value was obtained based on three measurements for each powder. The exact 
weight per gram of each powder was homogeneously mixed in a ball mill using silicon 
carbide media (Union process, USA, 5 mm diameter) in ethanol for 24 h. The slurries were 
dried for 24h at 110 ˚C. 13 mm diameter and 3 mm thick pellets were obtained using uniaxial 
cold pressing (50 MPa) at room temperature. Y, Gd, Yb and Lu monosilicates were sintered 
for 3 hours at 1580˚C at a heating rate of 10˚C min-1 in a box furnace in air. However, to 
produce Er2SiO5, 12h sintering was necessary to obtain dense samples [18].   
Water vapour corrosion tests were conducted at 1350 ˚C for 50, 100 and 166 h in 90% water: 
10% air ratio with flow rate of 40 ml/min in an alumina tube (50 mm diameter and 1200 mm 
length) furnace ((Lenton, Hope, UK) at a heating and cooling rate of 10 ˚C min-1 and 20 ˚C 
min
-1 
respectively. Sample dimensions were 10 mm diameter and 3 mm thick. Samples were 
placed on high purity alumina boats (Almath crucibles, Newmarket, UK) and their weight 
was recorded before and after the corrosion tests with an accuracy of ± 0.001 g to determine 
the weight change. To exclude the water vapour corrosion taking place at low temperature, 
the water vapour was introduced when the temperature reached 1350 ˚C and the flow was 
stopped after the desired testing period. 
Phases were identified by XRD (Bruker D2 Phaser, Germany) on sample’s surface which was 
not in contact with the alumina boat during corrosion test using CuKα radiation with spectra 
recorded from 10-70˚. Crystalline phases were determined using Xpert High Score Plus 
software utilising the ICDD (International Centre for Diffraction Data) database. Rietveld 
refinement was also performed for polyphasic samples for phase ratio quantification 
purposes. This was realized using the Rietveld refinement tool implemented in X’Pert High 
Score Plus software. 
Microstructures were examined in secondary electron imaging mode (SEI) using a scanning 
electron microscope (SEM) JEOL (JSM 6010LA, Tokyo, Japan) also equipped with an 
energy dispersive X-ray spectrometer (EDS). Sintered samples were mounted in epoxy resin 
and polished to 1 µm using diamond suspensions and thermally etched at 1480 ˚C for 0.5 h in 
air. Samples for corrosion tests were not thermally etched and no further sample preparation 
was needed after water vapour corrosion. Prior to SEM, all samples were coated in gold to 
avoid electrical charging. 
Density measurements were carried out using Archimedes method with distilled water as the 
immersion medium according to ASTM standard C8300-00 [19]. The theoretical density of 
the RE-monosilicates was determined using the rule of mixtures. In g cm
-3
, the theoretical 
densities were 4.22, 5.90, 6.613, 6.92 and 7.06 for Y2SiO5, Gd2SiO5, Er2SiO5, Yb2SiO5 and 
Lu2SiO5 respectively.
  
3. Results and discussion 
XRD of sample’s surface that was not in contact with the alumina boat for as-sintered 
samples and those oxidised at 1350 ˚C for 50, 100 and 166 h in steam for the five RE-
silicates is shown in Figures 1 to 5. Figures 1 and 3 show that Y and Er samples were 
predominantly monosilicate phase before testing. However, Rietveld refinements determined 
disilicates comprised 5 ± 2, 15 ± 5, and 12 ± 2 wt.% of the Gd, Yb and Lu samples, 
respectively, the desired monosilicates phases thus comprising at least 85% ± 2 wt.% in all 
samples. For all five RE-silicates formation of crystalline silicon oxide is observed after 50 h 
exposure in steam suggesting the reaction between silicon present in the bulk of RE-silicate 
with oxygen in water vapour environment. Y and Er-disilicate peaks were observed after 50 h 
steam exposure with the highest peak after 166 h steam corrosion (2θ = 33˚), however they 
remained mostly monosilicates. Figure 2 shows that Gd-silicate consisting of mainly 
monosilicate with 5 ± 2 wt.% of disilicate was completely transformed to Gd4.67Si3O13 after 
50 h exposure in steam. Since XRD shows only the presence of Gd4.67Si3O13, it appears to be 
a stable phase even after exposure to steam at high temperatures (166 hours). Although, 
monosilicate has been converted to the above phase, it is not clear at what point of time or 
temperature during the experiments, the oxidised product did not transform much further or 
did not have any appreciable weight loss. It may be the above phase could have been formed 
by the solid state reaction between GdO2 and SiO2 which are the decomposed products of the 
silicates. Therefore, more work is required to confirm if Gd4.67Si3O13 system is indeed stable 
or not for prolonged exposure in steam at high temperatures with better understanding of the 
Gd-mono/disilicate transformation to Gd4.67Si3O13.  On the other hand, more pronounced 
disilicate peaks were revealed for Yb and Lu samples suggesting that RE-disilicates are more 
likely to react with water vapour than their counterpart monosilicates (Figures 4 and 5).  
The specific weight gains in mg cm
-2
 of the five RE-silicates after corrosion tests at 1350 ˚C 
for 50, 100 and 166 h are listed in Table 1. In general, Y, Er, Yb and Lu-silicates showed 
little weight grain even after 166 h water vapour corrosion. On the other hand, Gd-silicate has 
the highest weight gain compared to the other four, which is comparable to that of pure 
amorphous silica [16]. It was also observed that XRD of sample’s surface that was in contact 
with the alumina boat revealed a presence of one peak consisting of Re3Al5O12 around 2θ of 
18 degrees.   
SEI microstructures of thermally-etched and corroded RE-monosilicates are shown in Figures 
6 to Figure 10. As sintered samples consist mostly of fine equiaxed grains with faceted 
morphology with an average grain size ranging from 4 to 7 ± 0.4 µm. All sintered samples 
had a relative density > 94% ± 0.1 (Table 2) as illustrated by the dense microstructures. 
Several sintering experiments were conducted to optimise the temperature and time to obtain 
pure monosilicates for the five studied materials. However, this was not possible for Gd, Yb 
and Lu due to off-stoichiometry either from preparation step and starting material purity 
and/or from non-stoichiometry of the Gd, Yb and Lu-disilicates. EDS analysis of the different 
contrast regions for Yb- silicates (Figure 11a) reveal that the dark areas contain higher Si 
content than the bright areas. As for Lu-disilicates, EDS analysis (Figure 11b) did not show 
any difference in silicon amount. Moreover, the grain morphology is similar everywhere and 
the dark contrast could be arising due to grain orientation. 
Oxidising Y2SiO5 samples in water vapour environment reveals the presence of light contrast 
raised ridges located at the grain boundaries on the surface (Figure 6 (b) and (c)). These 
ridges may arise from volatilisation of the SiO2 present in the less stable Y2Si2O7 phase 
leaving behind the stable Y-monosilicate. EDS analysis (Figure 6 (e) of the grains and the 
ridges confirm the presence of Y2SiO5. Fewer ridged structures are observed after 166 h 
water vapour exposure (Figure 6 (d)) with several cracks generated on the surface. The bright 
particles observed on the surface are Al contamination (Figure 6 (f)) transferred from the 
alumina tube furnace to the sample surface via gas phase transport of volatile Al(OH)3 due to 
reaction between the alumina and water vapour. The Y2SiO5 was stable after 166 h exposure 
in 90% steam: 10% air and did not decompose to Y2O3 as has been found by Lange et al. [20] 
and Klemm [21]. The reason for this difference in behaviour may be due to the starting single 
phase of Y-monosilicate of this work compared to a mix of Y-mono/disilicates phases of the 
work of Lange and Klemm. This confirms the stability of Y-monosilicate phase at higher 
temperature in steam corrosion environment making it ideal for EBC application.  
The surface microstructure of sintered and thermally etched Gd2SiO5 is shown in Figure 7 
(a), which consists of fine equiaxed grains with grain size of 4 ± 0.2. Gd-monosilicate 
surfaces after water vapour exposure showed different features including striped contrast 
grains, greater porosity and lack of any raised grain boundary ridges (Figure 7 (b)-(d)). The 
size of the stripped grains varies from 5 to 10 µm and they are distributed randomly over the 
exposed surface. Such features have not been observed before RE-silicates although similar 
features were observed by Ueno et al. [13] for TiO2 and Al2TiO5 samples exposed to water 
vapour corrosion at 1300-1500 ˚C for 100 h in 30 wt.%H2O-70 wt.%O2 water vapour. They 
suggested that the homologous series of suboxides generated by the reduction of TiO2 (i.e. 
TiO2-x) on the sample surface when observed in [001] projection gives this terraced field of 
rectangular shaped pits. It is quite possible that a similar homologous series exists in Gd 
silicates.  The rounded grains in Figure 7 (d, arrowed as melted grains) suggest that the grain 
boundary phase was completely removed due to the reaction of silica presents in the silicate 
with water vapour at high temperature to form volatile silicon hydroxide (Eq. 3) leaving 
behind the melted grains with no boundary silica phase. 
Figure 8(a) shows the surface morphology of as-sintered and thermally etched Er2SiO5 
revealing a smooth, crack free surface. The literature contains conflicting corrosion data for 
Er-silicate materials in water vapour environment. Ueno  et al. [13] observed that samples 
containing Er-disilicate and  Er-monosilicate were completely melted in 30% water vapour at 
1500 ˚C for 100 h. On the other hand, Lee et al. [7] showed that Er-monosilicate with Er-
disilicate and Er-oxide samples oxidised in 50% water vapour at 1500 ˚C for 100 h showed 
good resistance to water vapour as there was no significant weight gain with alumina 
contamination. In this study, there was also little weight gain (0.097 - 0.502 mg cm
-2
) for the 
samples produced with pure Er-monosilicate phase (Table 1). Figures 8 (b) to (d) show the 
surface morphology of the corroded samples that exhibit ridged features similar to those of 
Y-monosilicate. Additionally, after 100-166 h exposure to steam corrosion, grains with 
rounded morphology suggestive of melting were noticed (Figures (c) and (d)) that may be 
attributed to the reaction of silica around the grain boundaries. EDS (Figure 8 (e)) analysis 
confirmed the presence of Er-monosilicate inside the grains and around the ridges confirming 
the stability of Er2SiO5 in water vapour corrosion. Cracks were also generated (Figure 8(d)) 
on the surface possibly due to the transformation of Er2SiO5 to Er2Si2O7 arising from the 
different coefficients of thermal expansion of the different phases or from a change in volume 
accompanying the transformation.      
The surface microstructure of as-sintered Yb2SiO5 is shown in Figure 9(a). Two phases: dark 
contrast large (~ 5 micron) equiaxed grains with faceted morphology and bright small (less 
than a micron) grains mostly along the grain boundaries were observed.  EDS analysis 
(Figure 11 (a)) reveals that the dark regions contain higher Si content than the brighter ones. 
Yb-silicate samples, after corrosion at 1350 ˚C for 50 and 100 h in steam showed several 
cracks on their surfaces, (Figure 9 (b) and (d)). Ridge structures dominated the microstructure 
for 50 h exposure, similar to the observations for Y and Er-silicates. However, for longer 
corrosion exposure (100 h, Figure 9(c)), the surface morphology was divided into a dark 
region of grains and a lighter region of accumulated ridged structure. EDS analysis (Figure 9 
(e)) revealed that the dark regions are Yb-monosilicate while the lighter regions (Figure 9 (f)) 
contain a decreased silicon content suggesting the decomposition of less stable Yb2Si2O7 
phase to Yb2SiO5. As the exposure time to steam increased to 166 h, surface morphology 
showed rounded grains indicative of melting (arrowed in Figure 9d) with no distinct grain 
boundary. EDS analysis (Figure 9 (g)) of the melted structure revealed high levels of Al (15-
20 atom.%) contamination with Yb and O.  A similar observation was made by Maier et al. 
[16] on Yb-disilicates samples with Yb-monosilicate phase at 1500 ˚C for 100 h in 30% 
steam condition.  
Figure 10 (a) shows the as-sintered and thermally etched Lu2SiO5 with a bimodal grain 
distribution. The corroded surfaces of Lu-silicate samples show similar ridged structures for 
50 and 100 h exposure in steam (Figure 10 (b) and (c)) as seen for Y, Er and Yb-silicates.  
The decomposition of Lu-disilicate to Lu-monosilicate occurs above 1300 ˚C and near the 
grain boundaries as observed by Ueno et al. [13]. EDS analysis (Figure 10 (e)) revealed that 
both the grains and the ridged structure consist of Lu-silicates with no conversion to its 
original form (Lu2O3). After 166 h exposure to steam, Lu-silicate samples were covered 
completely with RE and aluminium contamination, similar to the observation in Yb-silicate 
samples.  
4. Conclusions 
Water vapour corrosion resistance of predominantly RE-monosilicates was compared after 
exposure tests at 1350 ˚C for 50, 100 and 166 h in a tube furnace. Y, Er, Yb and Lu-silicates 
show little weight gain (0.859 mg cm
-2
) even after 166 h compared to Gd-silicate (2.3 mg cm
-
 2
). XRD analysis showed that they have a mix of mono and disilicates after 50 h exposure to 
water vapour corrosion as a result of the reaction between monosilicate and water vapour to 
form disilicate. Gd-silicate has converted completely to another silicate phase (G4.67Si3O13) 
after 50 h water vapour exposure making it unsuitable for EBC application. The 
microstructures of Y, Er, Yb and Lu-silicates after testing show protruding ridges and cracks, 
while Gd-silicate appears significantly melted and also containing striped contrast grains 
suggestive of Gd/Si homologous series.  
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Fig 1: XRD of Y2SiO5 for as received and oxidised at 1350 ˚C for 50, 100 and 166 h in steam 
conditions. 
Fig 2: XRD of Gd2SiO5 for as received and oxidised at 1350 ˚C for 50, 100 and 166 h in 
steam conditions. 
Fig 3: XRD of Er2SiO5 for as received and oxidised at 1350 ˚C for 50, 100 and 166 h in 
steam conditions. 
Fig 4: XRD of Yb2SiO5 for as received and oxidised at 1350 ˚C for 50, 100 and 166 h in 
steam conditions. 
Fig 5: XRD of Lu2SiO5 for as received and oxidised at 1350 ˚C for 50, 100 and 166 h in 
steam conditions. 
Fig 6: SEI of Y2SiO5 (a) thermal etched as sintered, (b) oxidised at 1350 ˚C for 50 h, (c) 
oxidised at 1350 ˚C for 100 h, (d) oxidised at 1350 ˚C for 166 h in steam, (e) EDS analysis of 
the grain and ridges and (f) EDS analysis showing Al contamination after 166 h in steam. 
Fig 7: SEI of Gd2SiO5 (a) thermal etched as sintered, (b) oxidised at 1350 ˚C for 50 h, (c) 
oxidised at 1350 ˚C for 100 h and (d) oxidised at 1350 ˚C for 166 h in steam. 
Fig 8: SEI of Er2SiO5 (a) thermal etched as sintered, (b) oxidised at 1350 ˚C for 50 h, (c) 
oxidised at 1350 ˚C for 100 h, (d) oxidised at 1350 ˚C for 166 h in steam and (e) EDS 
analysis of the grain and ridges. 
Fig 9: SEI of Yb2SiO5 (a) thermal etched as sintered, (b) oxidised at 1350 ˚C for 50 h, (c) 
oxidised at 1350 ˚C for 100 h, (d) oxidised at 1350 ˚C for 166 h in steam, (e) EDS analysis of 
dark region, (f) EDS analysis of light region and (g) EDS analysis of a melted grain. 
Fig 10: SEI of Lu2SiO5 (a) thermal etched as sintered, (b) oxidised at 1350 ˚C for 50 h, (c) 
oxidised at 1350 ˚C for 100 h, (d) oxidised at 1350 ˚C for 166 h in steam and (e) EDS 
analysis of the grain and ridges 
Fig 11: SEI of thermally etched as sintered and its corresponding EDS analysis of (a) 
Yb2SiO5 and (b) Lu2SiO5. 
 Table 1: Weight gain of the five RE-silicates at 1350˚C in water steam corrosion. 
Specific weight gain at 
1350˚C (mg/cm2) 
Y2SiO5 Gd2SiO5 Er2SiO5 Yb2SiO5 Lu2SiO5 
      
50h 
 
0.095 0.486 0.097 0.109 0.174 
100h 0.336 1.255 0.225 0.112 0.399 
166h  0.404 2.312 0.502 0.347 0.859 
 
 
Table 2: Summary of the sintering conditions, density and average grain size of the RE-monosilicates prior to water steam 
corrosion. 
 Y2SiO5 Gd2SiO5 Er2SiO5 Yb2SiO5 Lu2SiO5 
      
Sintering conditions 1580 °C 
3 h 
1580 °C 
3 h 
1580 °C 
12 h 
1580 °C 
3 h 
1580 °C 
3 h 
Relative density, % 98± 0.1 98 ± 0.1 95 ± 0.2 94 ±0.1  99 ±0.1 
Average grain size, µm  7.0 ± 0.2 4.0 ± 0.2 7.0 ± 0.3 5.0 ± 0.3 5.0 ± 0.5 
 
 
 
  
 
 
  
 
 
  
 
 
  
 
  
 
  
 
  
 
  
 
  
 
 
